ABSTRACT
INTRODUCTION
Over the last 30 years, breakthroughs in chemotherapy, targeted therapy, and immunotherapy have led to progress in cancer treatment. Despite these advances, the mortality rate of pancreatic cancer has remained relatively stagnant. According to the United States National Cancer Institute's Surveillance, Epidemiology, and End Results database, between 1975 and 2006, the 5-year pancreatic cancer survival rate improved only minimally and remained at less than 5% [1] . The large majority of patients with pancreatic ductal adenocarcinoma (PDAC), 75-80%, present with advanced disease and are candidates for palliative systemic therapy. In the 25% of patients who present with resectable disease, surgery is the only potentially curative option, and among patients who undergo potentially curative surgery, the disease recurs within 3 years in 75% of patients [2] . Only 7 agents are currently approved by the US Food and Drug Administration for pancreatic cancer, and only 3 of these were approved within the last 5 years [3] [4] [5] [6] [7] [8] . More recently, combination chemotherapy has been shown to moderately improve survival over single-agent gemcitabine in patients with pancreatic cancer. The PRODIGE study reported a median overall survival (OS) of 11.1 months with FOLFIRINOX (5-fluouracil, oxaliplatin, and irinotecan) versus 6.8 months with single-agent gemcitabine [9] , and the MPACT study reported a median OS of 8.5 months with nab-paclitaxel plus gemcitabine versus 6.7 months with single-agent gemcitabine [7] . Erlotinib, although approved for treatment of PDAC, is not often used because it has demonstrated no clinically meaningful benefit [6] . In 2016, in the NAPOLI study, in which patients were randomly assigned to treatment with nanoliposomal irinotecan or 5-fluouracil, median OS was 6.1 months with irinotecan versus 4.2 months with 5-fluouracil [10] . This study established nanoliposomal irinotecan as another option for treatment of metastatic pancreatic cancer; however, treatment options remain very limited.
In 2011, we reported our experience with pancreatic cancer patients enrolled in phase I clinical trials from November 2004 to March 2009 [11] . At the time, the only standard-of-care agents available for treatment of metastatic pancreas cancer were gemcitabine and erlotinib, and promising clinical trial options were limited. In that previous study, we found that the median OS from first consultation in the phase I clinic was 5 months, and the median OS from the time of diagnosis was 22.1 months [11] . The long median OS in this population was attributed to good performance status, intact organ function, and selection bias. Forty-three of the 83 patients in that study (52%) were enrolled in a trial of oral curcumin, thought to act as a suppressor of nuclear factor κB and angiogenesis. Since our previous study, there have been multiple discoveries in the arena of targeted therapy and immunotherapy for cancer. The impact of these new agents on outcomes of patients with pancreatic cancer has not been systematically analyzed.
The aim of this study was to assess the impact of recently developed cancer therapeutics, including targeted therapies and immunotherapies, on outcomes of patients with pancreatic cancer in phase I clinical trials. We performed a retrospective review of patients who enrolled in phase I clinical trials from January 2009 through December 2014 at The University of Texas MD Anderson Cancer Center's Department of Investigational Cancer Therapeutics.
RESULTS

Patient characteristics
Patient characteristics are summarized in Table 1 . Approximately 400 pancreatic cancer patients were seen per year at MD Anderson from January 2009 through December 2014. Of these, 95 patients with pancreatic adenocarcinoma (approximately 4% of patients seen) were treated in phase I clinical trials. These patients were treated on 52 different clinical trials. The median age of the patients was 61 years (range, 40-84 years). The study included 56 men and 39 women. Seventy patients were white (74%), 12 were black (13%), 6 were Hispanic (6%), and 5 were Asian (5%). At diagnosis of pancreatic cancer, 56 patients (59%) had stage I-III disease, and 39 patients (41%) had stage IV disease. The cancer was well to moderately differentiated in 34 patients (36%), and poorly differentiated in 28 patients (30%); 32 patients (34%) had an unknown tumor grade. At first consultation in the phase I clinic, 92 patients (97%) had metastatic disease and 24 patients (25%) had ascites. The median documented performance status score at the start of phase I treatment was 1 (range, 0-2). Five patients were either alive or lost to follow-up at the time of the analysis.
Treatment
The median time from diagnosis to treatment on a phase I protocol was 14 months (range, 0.2-119). Prior to referral to our phase I clinic, patients had been treated with a mean of 3 regimens (range, 1-8) and 23 patients (24%) had been treated with at least 5 prior treatments. (Regimens included systemic chemotherapy or chemoradiation given in the neoadjuvant, adjuvant or metastatic settings, but did not include surgical resection or radiation alone.)
In contrast, in our previous study, published in 2011, patients had been treated with a mean of 2 regimens [11] . All 95 patients in our current study had been treated with chemotherapy and 35 patients (37%) had been treated with radiation therapy prior to referral to our phase I clinic. Thirty-five patients (37%) had received FOLFIRINOX, and 24 patients (25%) had received gemcitabine plus nab-paclitaxel. Thirty-four patients (36%) had undergone pancreatectomy or partial pancreatectomy, versus 39% in our 2011 study. All surgical operations were performed prior to referral to our phase I clinic.
The phase I clinical trials in which patients were enrolled are summarized in Table 2 and Supplementary  Table 1 . In these phase I trials, 30 patients were treated with cytotoxic chemotherapy alone, 51 patients were treated with targeted agents, 39 patients were treated with anti-VEGF therapy, and 5 patients were treated with immunotherapy.
Response
Of the 95 patients assessed, 92 were evaluable for response with at least 1 post-baseline imaging study available. Three patients were not evaluable for response, one patienthad an allergic reaction to therapy and was taken off protocol for toxicity, one patienthad myocardial infarction deemed unrelated to the trial, and one patient 
* One patient had a tumor with well-differentiated, moderately-differentiated, and poorly-differentiated components.
had intracranial hemorrhage deemed unrelated to the trial. The 92 patients evaluable for response were treated on a total of 39 clinical trials for best phase I response analysis. Best phase I response was defined as the best response recorded from the start of the study treatment until the end of treatment of all of the phase I trials that the patient participated in. The median duration on regimen with best phase I response was 1.9 months (range, 0.2-21.3). The best responses were a partial response (≥ 30% reduction in tumor volume) in 3 patient (3%) and stable disease lasting at least 4 months in 18 patients (20%) ( Figure 1 ). Eleven of the 21 patients (52%) with a partial response or stable disease lasting at least 4 months were treated with regimens that included bevacizumab on their best phase I clinical trial. Ten patients (11%) had a partial response or stable disease lasting at least 6 months. Our previous study of patients with pancreatic cancer treated in phase I trials demonstrated partial responses in 3% of patients and stable disease lasting at least 4 months in 13%. Of the 5 patients treated with immunotherapy, 4 had progressive disease, and 1 patient, treated with an anti-PD1 antibody, had stable disease lasting for a little over 4 months.
Survival
At the time of analysis, 87 patients (92%) had died, 5 had been lost to follow-up, and 1 was living. The median progression-free survival from consultation in the phase I clinic was 1.9 months (data not shown). Twenty-seven patients had a progression-free survival duration of at least 3 months. The median OS from first consultation in our to phase I clinic was 5.8 months (95% confidence interval [CI], 4.5-6.8 months, Figure 2A ), compared to 5.0 months reported in the 2011 study [11] . The median OS from initiation of the first phase I treatment was 4.5 months (95% CI, 3.8-5.5), and the 1-year OS survival rate from the first phase I treatment was 9% (95% CI, 4%-17%; data not shown). The median OS from the initiation of the best phase I treatment was 4.1 months (95% CI, 3.1%-5.2%, Figure 2B ), and the median OS from the date of diagnosis was 20.6 months (95% CI, 17-24.1), similar to the 22.1 months reported in our previous study. The median OS from first consultation in our phase I clinic was 3.8 months in patients with and 5.2 months in patients without ascites at presentation (P= 0.08, hazard ration [HR], 1.5 [95% CI, 1.0-2.3]; data not shown). The median OS from first consultation in our phase I clinic was similar in patients treated with anti-VEGF therapy with current standard-of-care agents, patients treated with anti-VEGF therapy without standard-of-care agents, and patients not treated with anti-VEGF therapy (5.8 months, 6.0 months, and 5.0 months, respectively; P = 0.78; HR, 1.1 [95% CI, 0.7-1.9] for anti-VEGF therapy with standard-of-care vs. no anti-VEGF therapy and HR, 1.2 [95% CI, 0.7-2.1] for anti-VEGF therapy without standard-of-care vs. no anti-VEGF therapy; data not shown).
Sixty-two percent of patients (57 of 92) in the current study were treated with novel agents, compared to 92% of patients (76 of 83) in our previous study. The median OS from the initiation of the first phase I trial was 4.2 months in patients treated with novel therapies and 5.2 months in patients treated with a standard-of-care chemotherapeutic backbone agent (i.e. 5-fluorouracil or gemcitabine) (P = 0.76; HR, 1.1 [95% CI, 0.7-1.7]; data not shown).
The median OS from referral to the phase I clinic was 5.6 months for patients with fewer than 3 regimens prior to referral to our phase I clinic and 6.0 months for patients with three or more therapies prior to referral (P = 0.40; HR, 1.2 [95% CI 0.8-1.9]; Figure 2C ).
Patients with prior exposure to FOLFIRINOX or gemcitabine plus nab-paclitaxel prior to phase I referral did not appear to have longer survival from date of diagnosis than patients not treated with these regimens (3.2 months, 2.9 months, 5.6 months respectively; P = Figure 2D ).
Multivariate analysis
A Cox proportional hazards model was used to assess the impact of multiple factors on OS from first phase I treatment. The results are shown in Table 3 
Targeted therapy
Fifty-one patients (54%) were treated with targeted therapy alone or in combination with cytotoxic therapy. Of the 95 patients in the study, 56 (59%) had biomarker profiling performed. Biomarker status was determined using platforms from Foundation Medicine Illumina (Figure 3B) , and gene-specific hotspot testing were used to determine biomarker status (Figure 4) . Thirty-one of 37 patients (84%) tested had KRAS mutations and 10 of 17 patients (59%) tested had TP53 mutations. Three of 22 patients (14%) tested had EGFR mutations, 2 of 23 patients (9%) tested had BRAF mutations, 2 of 25 patients (8%) tested had PIK3CA mutations, 1 of 4 patients (25%) tested had AKT mutations, and 1 of 1 patients tested had an FGFR3 mutation. Of these 56 patients, only 6 patients (10.7%) were placed on trials based on biomarker testing results (Figure 3 ). Of these 6 patients, 5 had progressive disease, and 1 had stable disease for more than 4 months, while enrolled in the biomarker-matched trial. The median OS from the date of initiation of the best phase I trial was 3.4 months (95% CI, 1.5-not reached) in the 6 patients whose treatment was based on biomarker testing results and 4.5 months (95% CI, 3.1-5.32.7 months) in the 89 whose treatment was not based on biomarker testing results.
DISCUSSION
In this study, we examined whether outcomes of patients with pancreatic cancer treated on phase I trials have improved since the time of our previous analysis, which covered patients treated during 2004-2009 [11] . Since that time, there have been multiple breakthroughs in novel cytotoxics, targeted therapy, and immune therapy for cancer. We found a small, yet hopeful improvement in median OS from first consultation in the phase I clinic (from 5.0 months in our earlier study to 5.8 months in the current study). However, median OS from date of diagnosis was not improved (22.1 months in our earlier study and 20.6 months in the current study). Comparison of median OS from diagnosis across trials, however, must be interpreted with caution, because of guarantee-time bias, where analysis is timed from diagnosis to interpret a survival event during follow-up. This may be due to a time lag between the initation of treatment in one group of clinical trial patients or another [12] .
Our findings from the current study indicate that chemotherapy, particularly in combination with targeted agents, continues to have a role in the treatment of pancreatic cancer. The median OS from the initiation of the first phase I trial was 5.2 months in patients treated with standard-of-care chemotherapeutic backbone agents compared to 4.2 months in patients treated with novel therapies. In our study, patients treated with anti-VEGF-based regimens had a slightly better OS, although this benefit was not statistically significant. Anti-VEGF therapy may act synergistically in combination with novel therapeutics to contribute to disease response, although thus far a benefit of anti-VEGF therapy has not been observed in larger phase III trials in pancreatic cancer.
Fifty-nine percent of patients in our current study had stage I-III disease at diagnosis, which may reflect a referral bias to our institution with the hopes of an operative approach to treatment in earlier-stage disease. Unfortunately, however, patients appeared to be referred to our phase I clinic relatively late in their disease course; only 3 patients were referred before metastasis was diagnosed, and the mean number of prior treatments at referral to our clinic was 3. Previous exposure to a large number of agents may increase the resistance of tumors to therapy and hinder the efficacy of novel drugs, although patients who had received no more than 3 prior regimens before treatment on the phase I trial had outcomes no better than those of patients who had received more than 3 regimens ( Figure 2C ). It is possible that with referral of treatment-naïve patients, we could see improved outcomes; however, data are currently lacking to support this approach.
FOLFIRINOX has replaced gemcitabine alone as the preferred agent for patients with metastatic pancreatic cancer and good performance status because of demonstration of the superiority of FOLFIRINOX in a study published in the New England Journal of Medicine in 2011. In 2014, the Food and Drug Administration approved nab-paclitaxel plus gemcitabine as a front-line option for advanced pancreatic cancer. As our patients were recruited from 2009 through 2014, there was a bias towards more patients receiving prior therapy with FOLFIRINOX over nab-paclitaxel plus gemcitabine. As more patients are treated with these regimens over time, one might expect a bias towards improved OS from diagnosis in our current study compared to our previous study published in 2011. However, patients in our current study with exposure to FOLFIRINOX or gemcitabine plus nab-paclitaxel prior to referral to our phase I clinic did not appear to have longer survival from date of diagnosis than patients not treated with these regimens ( Figure 2D ). In fact, in the multivariate analysis, patients who received prior FOLFIRINOX had significantly worse OS than those without prior FOLFIRINOX therapy. This may be because patients who have received prior FOLFIRINOX prior to referral to our phase I clinic have chemoresistant disease difficult to salvage after standard cytotoxic therapy. Additionally, patients who presented with a larger burden of disease up front may be treated with FOLFIRINOX by primary oncologists in the hopes of rapid relief of associated symptoms of disease.
Three patients in our study treated in phase I clinical trials had partial responses. Two of these patients were treated with regimens that included gemcitabine, nabpaclitaxel, and anti-VEGF therapy, and both survived more than 1 year from the date of diagnosis, one for 2.2 years after diagnosis. These 2 patients with partial responses received phase I therapy for 8.5 and 10.5 months, respectively. Although their survival may be attributed to treatment with the Food and Drug Administration- indicate numbers of patients tested. Some genes tested by panels with no alteration found in the study cohort were not included. www.impactjournals.com/oncotarget approved agents gemcitabine and nab-paclitaxel, their survival was at least equivalent to the reported mean OS of 8.5 months in the MPACT trial. The third patient with a partial response was treated with trametinib, and had a nearly 60% maximum reduction in tumor size by RECIST criteria; this patient received phase I therapy for approximately 11 months. Although our current study included a highly selected group of patients, there does appear to be a subset of patients with PDAC who will survive more than 1 year with indolent disease and good performance status. It should be noted, however, that these patients, with indolent disease, had been treated with 1-2 regimens prior to referral and none of these patients were treated with FOLFIRINOX or gemcitabine and nabpaclitaxel prior to phase I. Therefore these patients may be represented in the chemo-sensitive fraction and benefit from referral earlier on in treatment.
Data have shown that patients with pancreatic cancer and ascites tend to do poorly and have a shorter OS of less than 3 months [13] . In our study, the median OS of patients who presented with ascites was 3.8 months. We must be careful not to over treat patients in whom data suggest aggressive disease biology; such patients should instead be considered for referral to supportive care or hospice.
Nearly 60% of patients in our study underwent biomarker testing, but the proportion of patients who were matched to trials on the basis of biomarker results was rather low. Unfortunately, a majority of the alterations found in our cohort (including mutations in KRAS in 31 of 37 tested [84%] and TP53 in 10 of 17 tested [59%]) are not currently actionable, and pancreatic cancer in general is known to have a heterogeneous array of alterations in infrequently mutated genes [14] . Furthermore, with the use of next-generation sequencing, it has been shown that pancreatic cancer has few actionable mutations when KRAS mutations are excluded [15] . Five actionable mutations were noted in our cohort (in FGFR3, EGFR, BRAF, AKT, and PIK3CA). Our limited data suggest that matching to biomarker-based therapy may improve outcomes, but no definitive conclusions can be made based on the outcomes of so few patients. This may make targeted therapy difficult in pancreatic cancer and speaks to a need for better understanding of underlying tumor biology along with therapeutic developments to match.
In our previous study, over half of the patients were treated in one specific trial. In the current study, patients were more evenly distributed between trials, allowing us to draw stronger conclusions about the influence of novel therapies in general. Our current study also included 4 trials with immune-based therapies, an exciting field in cancer medicine given the recent success of these agents in melanoma and lung cancer [16] [17] [18] . More recent studies have shown success of immunotherapy in microsatellitehigh cancers, which may indicate some promise of such therapy in microsatellite-high pancreatic cancer [19] . Unfortunately, our results from the current study suggest that pancreatic cancer patients do not seem to benefit from immunotherapy. However our numbers are small, thus we cannot draw firm conclusions. An improved understanding of the immune system and development of novel therapeutic immune targets may result in better responses to immunotherapy in pancreatic cancer in the future.
This study was retrospective, which prevented us from gathering data on all endpoints and precluded firm conclusions. The retrospective design, however, does allow for a more temporal understanding of the disease process and effect of risk factors and patient characteristics on outcomes. Additionally, inherent to the phase I patient selection process is a bias towards selection of patients who are in better physical condition, as patients with poor performance status tend to be excluded from clinical trials. It is also difficult to draw conclusions regarding individual regimens given the small number of pancreatic cancer patients recruited per trial and unfortunately, none of the agents in our current study have made it to larger phase 3 clinical trials in pancreatic cancer; however, this remains one of the largest studies to date assessing the current status of novel agents for pancreatic cancer in the age of targeted therapy and immunotherapy.
In conclusion, the survival impact of recently developed cancer therapeutics in phase I clinical trials at MD Anderson remains unclear at this time. This indicates the continued need for pancreatic cancer research and development of innovative treatment options. At first glance, the short median progression-free survival of 1.9 months, which suggests that progression was often noted at the conventional time for the first restaging studies, after 2 cycles of treatment, may deter clinicians from enrolling patients with pancreatic cancer in phase I trials. However, the median OS of 4.5 months from initiation of first phase I treatment and the 1-year survival rate of 9% for patients treated on phase I studies, in this cohort in which many patients had received multiple prior chemotherapy or chemoradiation regimens, may argue in favor of referral to phase I trials for patients with good tumor biology and a reasonable performance status. However, this conclusion must be considered tentative and weighed against the creation of unrealistic expectations of a response. Biomarker-based therapies for pancreatic cancer have yet to prove successful despite gains in standardof-care treatment and chemotherapy; however, subsets of patients with pancreatic cancer are living longer and seek novel options for treatment. Clinical trials built upon chemotherapy backbones with the addition of these novel agents in the first-line setting may show more success. It is imperative that we continue to develop innovative therapies for patients with this difficult-to-treat disease. www.impactjournals.com/oncotarget
MATERIALS AND METHODS
Patient data collection
We reviewed the medical records of patients with pancreatic cancer who were treated in the Phase I Clinical Trials Program of the Department of Investigational Cancer Therapeutics at MD Anderson Cancer Center from January 2009 through December 2014. All trials were included that enrolled patients with a diagnosis of locally advanced or metastatic pancreas cancer. Patient demographics, stage at diagnosis, prior treatment history, and clinical outcomes were assessed. Data were collected from transcribed notes in the electronic database. Patient records were reviewed from the time of presentation at MD Anderson. Relevant records provided by outside healthcare providers were also reviewed. The study was approved by the MD Anderson Institutional Review Board.
To be eligible for participation in phase I clinical trials, patients with pancreatic cancer had to be at least 18 years of age and had to have metastatic or unresectable disease, measurable disease according to the Response Evaluation Criteria in Solid Tumors (RECIST) [20] or evaluable disease, performance status of 0 to 2, and a life expectancy of at least 3 months. Women of childbearing potential were required to have a negative pregnancy test prior to enrollment on a clinical trial, and patients of childbearing potential were required to use contraception. There were additional unique eligibility criteria that differed from trial to trial. All patients provided written informed consent before enrollment on a trial. Data were anonymized to protect the identities of subjects involved in the research. Phase I treatment was selected after clinical, laboratory, and pathologic data were reviewed and the diagnosis of PDAC was confirmed. The matching of patients to designated investigational treatments varied over time according to protocol availability, individual trial recruitment status, and eligibility requirements.
After initiation of an investigational therapy, patients were evaluated at intervals designated in the protocols of individual clinical trials. At each visit, a history was taken and a physical examination was performed, along with necessary laboratory and imaging studies. Patients were assessed for adverse events (the grade of the event and the likelihood that it was attributable to the study medication), compliance with protocol treatment, and clinical response.
Statistical analysis
The OS and duration-on-study distributions were estimated using the Kaplan-Meier method. Point estimates of medians and probabilities and their associated 95% CI estimates are reported when appropriate. Multivariable Cox proportional hazards regression models were used to evaluate the effect of individual factors while simultaneously adjusting for additional covariates. All statistical analyses were performed using S+ (Spotfire S+ 8.2 for Windows, TIBCO Software Inc.), and statistical significance was defined as P < 0.05.
